Systematically studying all the RXTE/PCA observations for GRS 1915+105 before November 2010, we have discovered three additional patterns in the relation between Quasi-Periodic Oscillation (QPO) frequency and photon energy, extending earlier outcomes reported by Qu et al. (2010) . We have confirmed that as QPO frequency increases, the relation evolves from the negative correlation to positive one. The newly discovered patterns provide new constraints on the QPO models.
Introduction
GRS 1915+105, discovered by WATCH instrument on board GRANAT in 1992 (Castro-Tirado et al. 1992) and located in our galaxy at an estimated distance of 9 ± 3 kpc (Chapuis & Corbel 2004) , is a low-mass X-ray binary containing a spinning accreting black hole (Zhang et al. 1997 ) of mass about 14 ± 4 M ⊙ and a K-M III giant star of mass 0.8 ± 0.5 M ⊙ as the donor (Harlaftis & Greiner 2004; Greiner et al. 2001a ). The orbital separation and period of this binary are, respectively, about 108 ± 4 R ⊙ and 33.5 days (Greiner et al. 2001b ). Serving as a famous microquasar, GRS 1915+105 produces superluminal radio jets (Mirabel & Rodriguez 1994; Fender et al. 1999) . It shows various X-ray light curves and complex timing phenomena. Based on the appearance of light curves and color-color diagrams, the behaviors of GRS 1915+105 can be classified into 12 classes. The variability of the source can be further reduced to transitions between three basic states (A, B, and C) . Of these 12 classes, class χ (state) is most commonly observed . It shows characteristics exclusively of state C, the state which is steady in the X-rays and lies in a rather hard part of the colorcolor diagram. It is the state when the low-frequency (∼ 0.5 − 10 Hz) QPOs (LFQPOs) are most frequently observed (e.g., Muno et al. 1999) , providing an idea site for studying LFQPOs.
Much effort has been made for exploring the origins of the LFQPOs of GRS 1915+105. It was found that the QPO frequency was positively correlated with the fluxes of the individual components and spectral total flux (e.g., Chen et al. 1997; Markwardt et al. 1999; Muno et al. 1999; Trudolyubov et al. 1999; Reig et al. 2000; Tomsick & Kaaret 2001) . Muno et al. (2001) confirmed that QPO frequency was tightly correlated with the source flux, and, however, they also found that for some observations the QPO frequency was not correlated with the flux. It was found that the QPO amplitude was inversely correlated with the source flux or QPO frequency (e.g., Muno et al. 1999; Reig et al. 2000; Trudolyubov et al. 1999) . Muno et al. (1999) and Rodriguez et al. (2002a) reported that as QPO frequency increased, the temperature of the inner accretion disk increased and the radius of the inner accretion disk decreased. These results indicate that the LFQPO is linked to both the accretion disk and the region where the power law component is produced. However, most of these results are related to models. As a modelindependent means, it is meaningful to study the correlations between photon energy and QPO parameters including its amplitude and frequency. Some authors found that the QPO amplitude increased with photon energy and it turned over in high energy bands in some cases (e.g., Tomsick & Kaaret 2001; Rodriguez et al. 2002b Rodriguez et al. , 2004 Zdziarski et al. 2005) . Qu et al. (2010) studied the LFQPOs of GRS 1915+105 in class χ state and found that as the centroid frequency of QPO increased the correlation between QPO frequency and photon energy evolved from a negative correlation to a positive one.
Nevertheless, systematic studies on the energy dependence of the LFQPO frequency in GRS 1915+105 have never been done. In this work, using all the data of RXTE/PCA of GRS 1915+105 before November 2010, we have investigated the correlation between photon energy and QPO frequency throughout. The data reduction methods are described in §2, the results are presented in §3, while a simple discussion and the conclusion are given in §4.
Observations and Data Reduction
We analyze all the RXTE observations of GRS 1915+105 before November, 2010, which are listed in Table 1 . These observations are belonged to class χ state and with abundant LFOPOs (0.5-10 Hz) for evaluating the energy dependence of QPO frequency.
The light curves are extracted from the binned mode and event mode data of RXTE/PCA by using the HEA-SOFT version 6.7 package. Good time intervals are defined as follows: satellite elevation over the Earth limb > 10
• and offset pointing < 0.02
• . In order to acquire the details of the correlations between photon energy and QPO frequency in broadband with enough confidence, only the generic binned configuration data with energy channel number ≥ 4 and time resolution ≤ 8 ms are selected. The light curves are extracted with a time resolution of 8 ms in PCA energy bands defined in Table 2 . By running POWSPEC version 1.0 with "normalization = -2" option, the power density spectra (PDS) are produced with the normalization of Miyamoto et al. (1992) , which gives the periodogram in units of (rms/mean) 2 /Hz, and corrected for Poisson noise (for details on PDS computation and Xray PDS normalization practice, see, e.g., van der Klis 1989; Vaughan et al. 2003) . The PDS are computated on an interval length of 64 s and Logarithmically rebinned by inputting -1.03 to rebin option. Following Belloni et al. (2002) , we fit the PDS with a model including several Lorentzians to represent the QPOs, the continuum, and other broad features, respectively. The continuum of PDS can also be fitted with other models, for instance, a power law or a doubly broken power law (Belloni & Hasinger 1990) . We have compared the quality of our current fits with that of the model including a power law for PDS continuum and several Lorentzians for other timing features and found that the multi-Lorentzian model fits better. A model consisting of a doubly broken power law plus several Lorentzians gives similar χ 2 values as our multi-Lorentzian fit. As pointed out by Belloni et al. (2002) , the advantage of the multi-Lorentzian model fit is that it faciliates comparison across source types. Figure 1 shows an example of the five-Lorentzian fits of the PDS. The errors are derived by varying the parameters until ∆χ 2 = 1, at 1 σ level. 
Results
For each observation interval listed in Table 1 , we have drawn a diagram that exhibits the relation between QPO frequency and photon energy. We use Least Squares (see, e.g., Greene 2002) to estimate the linear correlation of the relations and obtain corresponding correlation coefficients (R), adjusted R-squares (R2) and slopes (k). Despite the complexity of the relations, they show some similar features. We find that it is possible to classify the relations into only six patterns, based on the appearance of the relation and the results of Least Squares fit. For the purpose of reducing the complexity of the amount of available data, we first focus on the relations with distinctive appearance and include them into corresponding patterns (see Table 1 ). Figure 2 shows three examples of energy-frequency relation for each pattern. In some cases, the QPO frequency decreases monotonously with energy, and R < -0.8, R2 > 0.6. We call this relation P1. Nevertheless, the relation is sometimes a positive "linear" correlation with R > 0.8, R2 > 0.6, which is referred to as P5. The other three patterns are the different combinations of P1 and P5. For P2, the frequency roughly maintains a constant at low energy and decreases with the energy at high energy. For P3, the relation evolves from a positive correlation (P5) to a negative one (P1) as the energy increases. While for P4, the frequency increases with energy at low energy and then it approximates a constant at high energy. The remaining relations are irregular/indistinct and hard to be included into certain patterns mentioned above. We call them P0. The P1 and P5 were firstly found by Qu et al. (2010) , while P2, P3, P4 were newly discovered.
The correlation coefficients and adjusted R-squares of each pattern are shown in Figure 3 . It is clear that P1 and P5 possess significant linear correlation, P3 nonlinear correlation, while P2, P4 being mediate. The P0 points scatter among the points of P2, P3 and P4. In the order of P1 → P2 → P3 → P4 → P5, the correlation coefficients increase gradually from ∼ -1 to ∼ 1. This supports our classification as optimal.
Generally, with increasing of the QPO frequency and source intensity, the relation evolves from P1 to P5, via P2, P3 and P4, as demonstrated by Figure 4 : the averaged QPO frequencies and intensities of P1 and P2 are obviously lower than those of P3, P4, and P5; the cases when QPO frequency f 5 Hz or count rate 3000 cts/s/PCU2 only occur in P5 and all the count rates and QPO frequencies of P1 and P2 are, respectively, less than ∼2000 cts/s/PCU2 and ∼4 Hz.
The relation between QPO frequency and the slope is shown in Figure 5 . Panel (a) of Figure 5 demonstrates the slopes of P1 (k < 0, f < 3 Hz) and P5 (k > 0, f > 2 Hz). It is clearly that as QPO frequency increases, the relation between QPO frequency and photon energy evolves from the negative correlation ( Lines. "R" denotes correlation coefficient, "R2" denotes adjusted R-square and "k" denotes the slope of the fitting line. P1: the QPO frequency decreases monotonously with energy, R < -0.8, R2 > 0.6; P2: the frequency roughly maintains a constant at low energy and decreases with the energy at high energy; P3: the relation evolves from a positive correlation to a negative one as the energy increases; P4: the QPO frequency increases with energy at low energy and then it approximates a constant at high energy; P5: the QPO frequency increases monotonously with energy, R > 0.8, R2 > 0.6. P0: the irregular/indistinct relations. The QPO frequencies versus the correlation coefficients (a) and the adjusted R-squares (b) of six patterns. The triangles are observation intervals whose energyfrequency relations are belong to P1, the circles P2, the pentagons P3, the diamond P4, the squares P5, and the cyan crosses P0. 5 demonstrates the slopes of all (168) observation intervals listed in Table 1 . The track in panel (b) is similar to that in panel (a), which confirms the evolution from P1 to P5, via P2, P3 and P4. This also suggests that our patterns are representative. Table 1 . The horizontal and vertical bars are error bars. Some error bars are smaller than the symbols. The triangles are observation intervals whose energy-frequency relations are belong to P1, the circles P2, the pentagons P3, the diamond P4, the squares P5, and the cyan crosses P0.
Discussion and Conclusions
By systematically analyzing all the RXTE/PCA observations of GRS 1915+105 before November 2010, we have found that there are five typical patterns of the relation between QPO frequency and photon energy: the negative correlation (P1) and the positive one (P5), as well as three combined relations of them (P2, P3 and P4). The P1 and P5 were firstly found by Qu et al. (2010) and the intermediate patterns, P2, P3 and P4, were newly discovered in this work. Besides, we have confirmed in large sample the result reported by Qu et al. (2010) : with increasing of the centroid frequency of QPO, the relation between QPO frequency and photon energy evolves from P1 to P5. Following Qu et al. (2010) , we apply several models to the detected patterns between the QPO frequency and photon energy. Titarchuk & Osherovich (2000) proposed the global disk model (GDM) to interpret the LFQPOs in X-ray binaries, in which they argued that the disk oscillations were the result of gravitational interaction between the the central compact objects and the disk and the QPO frequency was determined by the mass of the central object. Thus, the QPO frequency determined by the GDM is expected to be independent of the photon energy and therefore, this model can explain those QPOs whose coefficients are zero, as demonstrated in bottom panel of Figure 5 . The radial and orbital oscillation model (ROOM) is a typical model for QPOs (Nowak & Wagoner 1993; Nowak 1994) . According to this model, the oscillation frequency will vary with the the disk radius or temperature, resulting in that the QPO frequency will vary with the photon energy, because photons with different energies are from different radii. Simply assuming the disk oscillation frequency to be the Keplerian frequency at the inner disk radius, it is natural to explain the relation P5: with decreasing of the inner disk radius, the QPO frequency increases, and meanwhile the photon energy increases, because the temperature at inner disk edge also increases. Fortunately, Muno et al. (1999) reported that in this source the QPO parameters were indeed correlated with the disk parameters. Other models such as the drift blob model (DBM; Böttcher & Liang 1998 can also be used to explain the energy dependence of QPO frequency. In the DBM, the blobs drifting inward through an inhomogeneous hot inner disk or corona would cause the QPO frequency to increase with energy. Both the ROOM and DBM can explain the positive correlation between the QPO frequency and photon energy, but they are frustrated by the negative correlation (P1) and other complicated correlations (P2, P3, and P4). There is no model for interpreting all the relations, which perhaps indicates that the QPOs with different relations between the QPO frequency and photon energy result from different mechanisms.
This work presents various patterns of relation between the QPO frequency and photon energy in the famous microquasar GRS 1915+105, indicating that the mechanisms for QPOs are complicated. On the other hands, we extend the investigation on the relations made by Qu et al. (2010) and the newly discovered relations provide new clues on QPO models. 
